A semiempirical approach to estimate liquefaction-induced lateral displacements using standard penetration test ͑SPT͒ or cone penetration test ͑CPT͒ data is presented. The approach combines available SPT-and CPT-based methods to evaluate liquefaction potential with laboratory test results for clean sands to estimate the potential maximum cyclic shear strains for saturated sandy soils under seismic loading. A lateral displacement index is then introduced, which is obtained by integrating the maximum cyclic shear strains with depth. Empirical correlations from case history data are proposed between actual lateral displacement, the lateral displacement index, and geometric parameters characterizing ground geometry for gently sloping ground without a free face, level ground with a free face, and gently sloping ground with a free face. The proposed approach can be applied to obtain preliminary estimates of the magnitude of lateral displacements associated with a liquefaction-induced lateral spread.
Introduction
Earthquake shaking may trigger the liquefaction of a saturated sandy soil in the ground. During past major earthquakes, enormous damage to engineered structures and lifelines has been caused by liquefaction-induced ground failures ͑e.g., Hamada and O'Rourke 1992͒. Generally, liquefaction-induced ground failures include flow slides, lateral spreads, ground settlements, ground oscillation, and sand boils. Lateral spreads are the pervasive types of liquefaction-induced ground failures for gentle slopes or for nearly level ͑or gently inclined͒ ground with a free face ͑e.g., river banks, road cuts͒. This paper focuses on the estimation of lateral displacements associated with liquefaction-induced lateral spreads.
Several methods have been proposed to estimate liquefactioninduced lateral ground displacements including numerical models, laboratory tests, and field-test-based methods. Challenges associated with sampling loose sandy soils limit the applications of numerical and laboratory testing approaches in routine practice. Field-test-based methods are likely best suited to provide simple direct methods to estimate liquefaction-induced ground deformations for low-to medium-risk projects and to provide preliminary estimates for high-risk projects.
Methods using standard penetration test ͑SPT͒ data are available for estimating lateral displacements in a liquefaction-induced lateral spread ͑Rauch and Martin 2000; Bardet et al. 2002; Youd et al. 2002͒ . These methods are empirical and do not incorporate the extensive knowledge gained from laboratory studies of liquefaction. Further, even though the cone penetration test ͑CPT͒ has greater repeatability and reliability, and provides a continuous profile compared with other field tests, no CPT-based method to estimate liquefaction-induced lateral displacements is currently available.
The objective of this paper is to present an approach for estimating liquefaction-induced lateral displacements using SPT or CPT data. The approach combines available SPT-or CPT-based methods to estimate liquefaction potential with laboratory test results for clean sand to estimate the potential maximum cyclic shear strains for saturated sandy soils under seismic loading. Case history data are used to develop empirical correlations for lateral displacement for: ͑1͒ gently sloping ground without a free face, ͑2͒ level ground with a free face, and ͑3͒ gently sloping ground with a free face.
Mechanism of Liquefaction-Induced Lateral Spreads
One-g shake table tests ͑e.g., Sasaki et al. 1991; Yasuda et al. 1992͒ and centrifuge model tests ͑e.g., Abdoun 1997; TaboadaUrtuzuastegui and Dobry 1998͒ have been conducted to investigate the mechanisms of liquefaction-induced ground lateral spreads. These tests generally support the hypothesis that lateral spreads result from distributed residual shear strains throughout the liquefied layers. The residual shear strains in liquefied layers are primarily a function of: ͑1͒ maximum cyclic shear strains ␥ max , and ͑2͒ biased in situ static shear stresses. In this paper, ␥ max refers to the maximum amplitude of cyclic shear strains that 1 are induced during undrained cyclic loading for a saturated sandy soil without biased static shear stresses in the direction of cyclic loading. Biased in situ static shear stresses are mainly controlled by ground geometry at the site ͑e.g., ground slope, free face height, and the distance to a free face͒. The thickness of liquefied layers will also influence the magnitude of lateral displacements, with greater lateral displacements for thicker liquefied layers. Both ␥ max and the thickness of liquefied layers are affected by soil properties and earthquake characteristics.
Estimation of Maximum Shear Strains from Standard Penetration Test or Cone Penetration Test Data

Maximum Cyclic Shear Strains of Clean Sands from Laboratory Tests
Nagase and Ishihara ͑1988͒ conducted cyclic simple shear tests on saturated loose, medium-dense, and dense samples of clean Fuji River sand under loading conditions without biased static shear stresses. Based mainly on these laboratory tests, Ishihara and Yoshimine ͑1992͒ established the relationship between the ␥ max and the factor of safety ͑FS͒ against liquefaction for different relative densities (D r ) of clean sands. Modification of this relationship is required to account for dilative response of the soil that may restrict the development of shear strains. Evidence of soil dilative response at large shear strains has been observed in undrained cyclic laboratory tests, one-g shake table studies, centrifuge experiments, and in situ seismic responses ͑Elgamal et al. 1998͒. Seed ͑1979͒ postulated that only a limited amount of shear strain could be developed for sand at any given relative density, regardless of the number of stress cycles applied, and that further increases in strain could be difficult to achieve unless the full undrained resistance of the soil was exceeded. In this study, the relationship between ␥ max and FS developed by Ishihara and Yoshimine ͑1992͒ were modified by limiting the maximum shear strains as proposed by Seed ͑1979͒.
Factor of Safety and Relative Density from the Standard Penetration Test and Cone Penetration Test
Both the factor of safety against liquefaction and relative density (D r ) are needed to estimate ␥ max of a clean sand for a given earthquake. FS can be evaluated from liquefaction potential analysis using the SPT-or CPT-based methods summarized by Youd et al. ͑2001͒ , hereafter referred to as the NCEER ͑National Center for Earthquake Engineering Research͒ SPT-based method or the NCEER CPT-based method.
Relative densities may be estimated from correlations with either SPT or CPT results. A modified version of Meyerhof's ͑1957͒ correlation was used to estimate relative densities of a clean sand from SPT blow counts
where D r ϭrelative density of a clean sand as a percentage; (N 1 ) 60 ϭnormalized SPT N value corrected for the rod energy ratio ͑60% reference energy͒, overburden effective stress ͑100 kPa reference effective stress͒, rod length, borehole diameter, and sampling method, as discussed in Youd et al. ͑2001͒; and (N 1 
where q c1N ϭnormalized CPT tip resistance corrected for effective overburden stresses corresponding to 100 kPa ͑Robertson and Wride 1998͒. This correlation provides slightly smaller and more conservative estimates of relative density than the correlation by Jamiolkowski et al. ͑1985͒ when q c1N is less than about 100.
Correction for Grain Characteristics
The relationship between ␥ max and FS proposed by Ishihara and Yoshimine ͑1992͒ was developed based on laboratory test results on clean sands. The equivalent clean sand normalized SPT N value, (N 1 ) 60cs , and the equivalent clean sand normalized CPT penetration resistance, (q c1N ) cs , is used to account for the effect of grain characteristics ͑or fines content͒ on SPT N values or CPT soundings in evaluating liquefaction potential of silty sands ͑Youd et al. 2001͒. In this work, (N 1 ) 60cs or (q c1N ) cs , was also applied to quantify the effect of grain characteristics ͑or fines content͒ on SPT N values or CPT soundings in estimating ␥ max . The parameter, (N 1 ) 60cs or (q c1N ) cs for a silty sand, can then be treated as the SPT N value or CPT cone tip resistance for a clean sand and be used directly to estimate ␥ max . This assumes that the effect of grain characteristics or fines content on lateral spreading is similar to its effect on liquefaction triggering. This assumption will be discussed further later in this paper. Fig. 1 shows the relationships used in this study between ␥ max and FS for different D r . With either SPT or CPT data and the parameters for a given earthquake, (N 1 ) 60cs or (q c1N ) cs and FS for sandy soils can be estimated from the liquefaction potential analysis using the NCEER SPT-or CPT-based method. An estimate of ␥ max can then be obtained from Fig. 1 for every reading in the SPT or CPT results.
Lateral Displacement Index
Integrating the calculated ␥ max values with depth will produce a value that is defined as the lateral displacement index ͑LDI͒ Figs. 2͑a-f͒ illustrate the major steps to calculate LDI using CPT data. Figs. 2͑a and b͒ show the CPT tip resistance (q c ) and sleeve friction ratio (R f ), which can be calculated directly from CPT soundings. Based mainly on q c and R f , the equivalent clean sand normalized tip resistance (q c1N ) cs can be calculated using the NCEER CPT-based method, Fig. 2͑c͒ . FS can be estimated using the NCEER CPT-based method with (q c1N ) cs and the design earthquake parameters ͓Fig. 2͑d͔͒. Note that in Fig. 2͑d͒ , a soil layer below 8 m is estimated to be a nonliquefiable clayey soil based on CPT data and is assigned a large value of FS ͑Ͼ2.0͒. Fig. 2͑e͒ shows ␥ max as estimated from the relationships in Fig. 1 . Finally, the lateral displacement index ͑LDI͒ can be calculated by integrating the ␥ max with depth ͓Fig. 2͑f͔͒. LDI is the integrated value at the ground surface. The major procedures to calculate the LDI using SPT data are similar to those described above, although the profile may be less detailed than that produced from CPT data.
Although LDI has the units of displacement, it is intended only to provide an index to quantify potential lateral displacements for a given soil profile, soil properties, and earthquake characteristics. The actual magnitude of lateral displacement depends on both LDI and geometric parameters characterizing ground geometry. In the following sections, lateral spread case histories are used to account for the influence of ground geometry on lateral displacements.
Case Histories
A total of 13 available case histories associated with 12 past major earthquakes were studied as listed in Table 1 . A summary of each case history and the rational behind the selection of data for use in this paper can be found in Zhang ͑2001͒. Several case histories involving lateral spreads that were impeded by shear forces along the margins of the failure zone or by engineered structures ͑e.g., retaining walls, quay walls͒ were not used in this study. For example, data from the 1995 Hyogoken-Nambu ͑Kobe͒ earthquake were not used in this study since lateral spreading in the Port area was believed to be greatly restricted by caisson-type quay walls ͑Zhang 2001͒. Lateral spreads that were possibly associated with multiple failure mechanisms ͑e.g., several case sites from the 1994 Northridge Earthquake͒ were also not included in the database either. The possibility of local slump failure or flow failure increases in the zone close to a free face with a steep slope due to the presence of high static shear stresses. Further, the mechanism associated with a local slump failure or flow failure is fundamentally different from that for lateral spreading. Therefore some case sites ͑e.g., Sandholdt Road at Moss Landing͒ where the horizontal distance from the free face toe is smaller than four times the free face height were excluded from the database. Selection of cases also required that SPT or CPT data were available at locations within 100 m of where liquefaction-induced lateral displacement was measured. Case histories were divided into those with: ͑1͒ gently sloping ground without a free face, ͑2͒ nearly level ground with a free face, and ͑3͒ gently sloping ground with a free face.
A total of 291 measured values of liquefaction-induced lateral spreading displacements from the 13 case histories were used in this study. There were usually more than one distinct lateral spread features/sites for each case history studied, as listed in Tables 2-4. Multiple lateral displacements with different mea- Example plots illustrating the major steps for calculating the lateral displacement index ͑LDI͒ using the CPT-based approach sured values at a given case site were collected for most of the case histories. These points corresponded to either different local ground geometric parameters or soil profile/properties. The minimum spacing of any two points collected for this study was about 20 m or more. Measurements of lateral displacement that were deemed to be too close to the boundaries of a lateral spread were not included in the database.
In situ test results from 150 SPTs and 41 CPTs associated with the studied case histories were collected. Of the 13 case histories, SPT data were available for nine of the cases and CPT data were available only for five of the cases. The case history data were collected from the available publications as listed in Table 1 . Partial data, especially for the 1964 Niigata earthquake, were obtained from the database compiled by Bartlett ͑1991͒.
In most cases the magnitude of lateral displacement were obtained from aerial photos that were taken before and after the earthquake or from reports of dislocated or offset buildings, bridge components, fences, canals, etc. The estimated values of accuracy ͑or potential error͒ associated with the measured displacements are also given in Tables 2-4 .
Correlation between Actual Lateral Displacement, Lateral Displacement Index, and Geometric Parameters Gently Sloping Ground without a Free Face
Cases with Standard Penetration Test Data
A total of five case histories with SPT data were studied for the case of gently sloping ground without a free face, as listed in Table 2 . The corresponding measured lateral displacement values or ranges are also listed and are labeled LD. For each case, the NCEER SPT-based method was applied to evaluate liquefaction potential using SPT data. The lateral displacement index ͑LDI͒ was then calculated based on the results of the liquefaction potential analysis, the relationship in Fig. 1 , and using Eq. ͑3͒. An average of the calculated values of LDI was used as a representative LDI value if more than one SPT profile was conducted close to where LD was measured. A total of 132 data sets were obtained from the five case histories with SPT data. 
where Sϭground slope as a percentage.
A dominant portion ͑95%͒ of the data in Fig. 3͑a͒ was collected from two Japanese case histories ͑Niigata and Noshiro͒. The liquefied soils at these sites were generally clean sands. Because the ground slopes at all the sites for the Niigata case history were between 0.2 and 0.9% and with an average of about 0.5%, the data for this case history dominates the trend line in Fig. 3͑a͒ for a ground slope less than 1%. The data for the Noshiro case history dominates the relationship in Fig. 3͑a͒ for a ground slope greater than 1%, especially for a ground slope greater than 3.5%. The data from the other three case histories generally fits well with the relationship in Fig. 3͑a͒ for ground slopes ranging from about 0.5 to 3.5%. Given the exclusive reliance on the Noshiro case history for ground slopes greater than 4%, the recommended range of ground slope for Eq. ͑4͒ is between 0.2 and 3.5%.
Cases with Cone Penetration Test Data
San Francisco and Juvenile Hall are two cases with CPT data and gently sloping ground without a free face. Eight data points were obtained for the San Francisco case history. Only one set of data was obtained for the Juvenile Hall case history because of a uniform measured lateral displacement of 1.68 m and a ground slope of 1.2% at the main part of the lateral spreading section where most of the penetration tests were conducted. Fig. 3͑b͒ is a plot of LD/LDI versus ground slope S for the 9 CPT-based data sets as well as the trend line that was developed above based on SPTbased data.
The point from the Juvenile Hall case history associated with the 1971 San Fernando earthquake is far removed from the trend line in Fig. 3͑b͒ . It is believed that the main reason for this inconsistency is because the NCEER CPT-based method generally treats soils with a soil behavior type index I c greater than 2.6 as nonliquefiable. The soil behavior type index is calculated from CPT data and provides an index of the soil grain characteristics ͑Robertson and Wride 1998͒. An I c equal to 2.6 corresponds to a calculated fines content of about 50-60% ͑Zhang 2001͒. Since Bennett ͑1989͒ reported that the fines contents for the liquefied soils at the Juvenile Hall case site ranged from 50 to 80% with an average of 65%, this implies that the majority of the liquefied Fig. 3 . Ratio of measured lateral displacement lateral displacement ͑LD͒ to lateral displacement index lateral displacement index ͑LDI͒ versus ground slope S for case histories with gently sloping ground without a free face: ͑a͒ standard penetration test-based data and ͑b͒ cone penetration test-based data soils in the Juvenile Hall area may have a calculated I c greater than 2.6 and thus would be evaluated as nonliquefiable soils by the NCEER CPT-based method. This would result in a smaller calculated value of LDI and thus a higher value of LD/LDI, as shown in Fig. 3͑b͒ . As suggested by Robertson and Wride ͑1998͒, samples of soil should be obtained for I c greater than 2.6 and liquefaction evaluated using the other criteria, such as the Chinese criteria ͑NCEER 1997͒. Therefore the point in Fig. 3͑b͒ for the Juvenile Hall site may be ignored in qualifying the correlation between LD/LDI and ground slope using CPT data, and illustrates the caution required with assessing liquefaction potential for soils with I c greater than 2.6. Fig. 3͑b͒ shows that the data for the San Francisco case history associated with the 1906 San Francisco earthquake reasonably fit the trend line obtained from SPT data with some scatter. This agreement may suggest that the relationship between LD/LDI and ground slope is independent of either using SPT or CPT data and possibly that it solely captures the influence of ground slope on lateral displacements. This is encouraging, however, additional CPT-based data from new case histories are required to further verify this observation.
Level Ground with a Free Face
In this study, terrain with a slope of less than 0.15% is defined as ''level'' ground. Two major geometric parameters characterizing ground geometry for level ground with a free face are free face height H, which is the elevation difference between the level ground surface and the toe of a free face, and the horizontal distance L from the toe of a free face ͑see the inset of Fig. 4͒ . Bartlett ͑1991͒ observed from case histories that lateral displacements were greater closer to a free face and for higher free faces. Similar trends were observed at the Kobe Port area during the 1995 Hyogoken-Nambu earthquake ͑Ishihara et al. 1996͒ even though these lateral displacements are believed to have been restricted by quay walls. The ratio of L/H was adopted to establish a correlation between LD and LDI for level ground with a free face.
Cases with Standard Penetration Test Data
Four case histories with SPT data for level ground conditions with a free face are available, as listed in Table 3 . A total of 87 data points from the four case histories associated with four different earthquakes are plotted in Fig. 4͑a͒ . The data in Fig. 4͑a͒ is predominantly from the 1964 Niigata case history, however, the results from the other case histories generally follow the same trend. Although there is considerable scatter, Fig. 4͑a͒ shows a trend of decreasing LD/LDI with increasing L/H that may be characterized by
This general trend is applicable for the range of earthquake and ground conditions listed in Table 3 . Fig. 4͑b͒ is a plot of LD/LDI versus L/H based on the data from the Moss Landing case history, which is the only case with CPT data and level ground conditions with a free face that qualified for this study. The data in Fig. 4͑b͒ suggests that the trend line developed based on the SPT-based data reasonably fits the CPTbased data from the Moss Landing case history. The intent of the empirical relationship of Eq. ͑5͒ is to account for the influence of the height and location of the free face on lateral displacement. The good agreement between the SPT-based and CPT-based data may suggest that Eq. ͑5͒ may be independent of either using SPT or CPT data ͑provided that NCEER procedures are used for liquefaction potential evaluation͒. It is possible that this relationship solely captures the influence of H and L on lateral displacements. This preliminary observation is encouraging, however, additional data, especially CPT-based data from new case histories, is required to further evaluate this observation.
Case with Cone Penetration Test Data
Gently Sloping Ground with a Free Face
Four cases were available for gently sloping ground with a free face. In addition to the free face height and the distance from the free face, ground slope S is required to characterize the geometry of the site ͑Fig. 5͒. A positive ground slope is inclined towards the free face ͑e.g., a channel͒ whereas a negative ground slope is inclined away from the free face. Table 4 provides a summary of the main parameters for these cases. SPT results were available for two cases, and CPT results were available for the other two cases. Since the relationship between LD/LDI and geometric parameters appears to be indepen- Fig. 4 . Ratio of measured lateral displacement lateral displacement ͑LD͒ to lateral displacement index lateral displacement index ͑LDI͒ versus L/H for case histories with level ground and a free face: ͑a͒ standard penetration test-based data and ͑b͒ cone penetration testbased data dent of either using SPT-based or CPT-based data, SPT and CPT cases are combined together to provide a larger data set. Fig. 5 illustrates the relationship between LD/LDI and L/H using both the SPT-and CPT-based data for the four available case histories for gently sloping ground with a free face. The datapoints from Figs. 4͑a and b͒ are also included in Fig. 5 to provide a comparison with nearly level ground and a free face.
The data points for gently sloping ground and a free face lie generally within the scatter of results for nearly level ground with a free face. It appears that a negative slope decreases LD/LDI as the results from the Wildlife case (SϭϪ0.5%) lie toward the lower range of the scatter. Larger positive slopes tend to increase LD/LDI, as the results for the Heber Road (Sϭ1.5%) and Hokkaido (Sϭ0.7 to 0.8%͒ cases lie toward the upper range of the scatter. Thus the ground slope appears to influence the magnitude of lateral displacements, however, there is insufficient data at present to quantify this effect. Caution is required to estimate liquefaction-induced lateral displacements for gently sloping ground with slopes greater than 0.5%.
Proposed Approach to Estimate Lateral Displacements Using Standard Penetration Test or Cone Penetration Test Data
The following method may be used to estimate liquefaction induced lateral displacements.
Step 1: Assess the liquefaction potential using either the NCEER SPT-or CPT-based methods.
Step 2: Calculate the lateral displacement index ͑LDI͒ using the relationship plotted in Fig. 1 and Eq. ͑3͒.
Step 3: Knowing ground slope ͑S͒ or/and free face height ͑H͒ and the distance to a free face ͑L͒, estimate the lateral displacement ͑LD͒ using either LDϭ͑Sϩ0.2͒•LDI ͑ for 0.2%ϽSϽ3.5% ͒
for gently sloping ground without a free face, or LDϭ6•͑L/H ͒ Ϫ0.8
•LDI ͑ for 4ϽL/HϽ40͒ (7) for level ground with a free face. The proposed approach is recommended for use within the ranges of earthquake properties and ground conditions listed in Tables 2-4 , namely moment magnitude of earthquake between Fig. 5 . Ratio of measured lateral displacement ͑LD͒ to lateral displacement index ͑LDI͒ versus L/H for case histories for level and gently sloping ground with a free face Fig. 6 . Comparison of measured and calculated lateral displacements for the available case histories for: ͑a͒ gently sloping ground without a free face; ͑b͒ level ground with a free face; and ͑c͒ gently sloping ground with a free face 6.4 and 9.2, peak surface acceleration between 0.19g and 0.6g, and free face heights less than 18 m. The case history data used for developing the proposed approach, especially for gently sloping ground without a free face, were dominantly from two Japanese case histories associated with the 1964 Niigata and 1983 Nihonkai-Chubu earthquakes, where the liquefied soils were mainly clean sand only. The values for the geometric parameters used in developing the proposed approach were within limited ranges, as specified in Eqs. ͑6͒ and ͑7͒. It is recommended that the approach not be used when the values of the geometric parameters go beyond the specified ranges.
Caution should also be exercised when a substantial zone of soil with a very low value penetration resistance ͓i.e., (N 1 ) 60cs Ͻ10 or (q c1N ) cs Ͻ50] is encountered during liquefaction potential analysis. For such cases, more extensive investigation should be made and other approaches should be taken to evaluate the potential for flow failure of the soil, especially when the static shear stresses in the ground are relatively high. Deformations caused by flow failures can be much larger than those by lateral spreads, and their estimation is beyond the scope of this paper.
Discussion
Variability of the Proposed Approach
Measured lateral displacements from the available case histories are compared with the calculated lateral displacements using the proposed approach in Fig. 6 . Generally, about 90% of the calculated lateral displacements using the proposed approach showed variations between 50 and 200% of measured values for the case histories studied. The proposed approach could underestimate or overestimate liquefaction-induced lateral displacements by up to a factor of 2. The accuracy of the calculated displacements for the Niigata case history is slightly lower than that for other case histories because of the relatively poor accuracy ͑Ϯ0.72 m͒ of the measured displacements and relatively flat ground slopes ͑0.2-0.9%͒, where local topography variations and/or the presence of buildings may have more significant effects on lateral displacements than those for steeper slopes.
Given the complexity of liquefaction-induced lateral spreads, considerable variations in magnitude and distribution of lateral displacements at a given site are expected. Considering the accepted ability of current calculations of ground settlements in sand for the simple case of static vertical loading, the accuracy of the proposed approach may be reasonable and acceptable at the current stage for low to medium risk projects.
Small Lateral Displacements
Often of practical interest is whether lateral displacements at a site will be sufficiently small such that they will not have a detrimental effect on a structure. Fig. 7 is an enlarged portion of Fig.  6 to better show the variability of the proposed approach when measured lateral displacements are less than 1 m. In all cases it is not possible to make definitive conclusions given the small number of measured displacements less than 1 m and there is no information for gently sloping ground with measured displacements less than 0.5 m. However, apart from nine observations associated with Niigata, the predicted lateral displacements are generally within 50-200% of the measured values. Thus if the calculated lateral displacement using the proposed approach was 1 m, it would not be possible to conclude that the displacement would be 1 m, but rather may be expected to vary between 0.5 and 2 m. Further, given the accuracy of the measured lateral displacements for most case histories ranges from Ϯ0.1 to Ϯ1.92 m ͑see Tables 2-4͒ , it is therefore unrealistic to expect the accuracy of calculated lateral displacements to be less than Ϯ0.1 m.
Fig. 7.
Comparison of measured lateral displacements less than 1 m and calculated lateral displacements for the available case histories for: ͑a͒ gently sloping ground without a free face; ͑b͒ level ground with a free face; and ͑c͒ gently sloping ground with a free face
Comparison of Proposed Approach with Youd et al. (2002)
Several SPT-based models ͑Rauch and Martin 2000; Youd et al. 2002͒ are currently available to estimate liquefaction-induced lateral displacements. Rauch and Martin's empirical method was developed using case history data from a multiple linear regression analysis. However, it can only be used to estimate an average value of lateral displacements on a potential lateral spread. The model of Youd et al. ͑2002͒ was developed using multiple linear regression techniques and case history data including seismological, topographical, geological, and geotechnical parameters. Although their method is very simple and straightforward to use, the method is purely empirical, does not build upon liquefaction potential analysis, and relies on using SPT-based average values for some input data.
Preliminary comparisons between the proposed approach and the model of Youd et al. ͑2002͒ indicated that the accuracy of these two methods were generally similar for estimating lateral displacements for gently sloping ground without a free face or level ground with a free face for the Niigata case history. Further evaluations are required using data from new case histories as they become available before a general conclusion can be made.
Assumptions, Limitations and Complicating Factors
Multiple displacements with different measured values at a given case site were collected for most of the case histories. These points corresponded to either different local ground geometric parameters or soil profile/properties and were included to evaluate the effects of local geometry and soil profile/properties under a given earthquake. However, their inclusion may bias the database to certain particular sites. The effect of this bias depends on the spread of the data and the method of analysis used to quantify the data. Approaches using multiple regression analysis would be biased since some observations may not necessarily be statistically independent. The approach adopted in this paper is to plot all of the available observations that met the screening criterion to show the trends and variability of the data. Relationships presented to quantify the trend in the database in this paper were fit by-eye rather than using regression analysis.
Moment magnitude of an earthquake (M w ) and peak surface acceleration (a max ) at a given site are used to characterize the earthquake size and the intensity of strong ground motion in this approach. Other earthquake characteristics ͑e.g., the duration of strong motion and the distance to a seismic energy source or fault rupture͒ are believed to inherently correlate with M w and a max . Generally, the higher values of M w and a max will result in lower values of FS and thicker zones of liquefied soil, resulting in higher values of LDI. It is implicitly assumed that the effects of earthquake characteristics on lateral spreading displacements can be quantified by their effects on FS and thickness of liquefied soils or LDI. This assumption is tenable based on the available data as no biased trends were identified from the case history data shown in Figs. 3 and 4 for different earthquakes with wide ranges of properties (M w from 6.4 to 7.7 and a max from 0.19g to 0.55g). However, given the limited number of cases, further evaluation of the influence of earthquake characteristics is needed once additional data becomes available.
It is also assumed in this paper that the effect of fines content on lateral spreading is similar to that on liquefaction triggering. No discernable trend between fines content and lateral displacement was observed based on the available data shown in Figs. 3 and 4. Future research is needed to further verify this assumption with new data as it becomes available.
The proposed approach was developed using the limited data from available case histories and as such is applicable only for similar earthquakes and ground conditions. In situ CPT data were available only for five of all the case histories studied in this paper. Therefore additional case history data, especially with CPT data, are required to evaluate the proposed approach. In addition, the proposed approach was developed based on data with limited ranges. More data from new case histories are needed to update the proposed approach.
Several factors including boundaries and three-dimensional distribution of liquefied layers, redistribution and drainage of excess pore pressures in a lateral spread, and isolation of acceleration due to liquefaction of underlying soil layers may also influence liquefaction-induced lateral displacements ͑Zhang 2001͒. However, they were not quantified in the proposed approach and would need to be evaluated on a case-by-case basis.
Conclusions
An approach to estimate liquefaction-induced lateral spreading displacements was presented. The proposed approach uses either SPT or CPT data and combines results from laboratory tests with case history data from previous earthquakes. The method captures the mechanisms of liquefaction-induced lateral spreads and characterizes the major factors controlling lateral displacements. Application of the proposed method is quite simple and can be applied with only a few additional calculations following SPT-or CPT-based liquefaction-potential analysis. The proposed approach may be suitable to estimate the magnitude of lateral displacements associated with liquefaction-induced lateral spread for gently sloping ͑or level͒ ground with or without a free face for low to medium-risk projects, or to provide preliminary estimates for higher risk projects.
Given the complexity of liquefaction-induced lateral spreads, considerable variations in magnitude and distribution of lateral displacements are expected. Generally, the calculated lateral displacements using the proposed approach for the available case histories showed variations between 50 and 200% of measured values. The accuracy of ''measured'' lateral displacements for most case histories is about Ϯ0.1 to Ϯ1.92 m. Therefore it is unrealistic to expect the accuracy of estimated lateral displacements be within Ϯ0.1 m. The reliability of the proposed approach can be fully evaluated only over time with more available case histories.
The proposed approach was developed using case history data with limited ranges of earthquake parameters, soil properties, and geometric parameters. Therefore it is not recommended that the approach be applied for values of input parameters beyond the specified ranges. Engineering judgement and caution should be always exercised in applying the proposed approach and in interpreting the results. Additional new data are required to further evaluate and update the proposed approach.
